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Polyphenols are representative bioactive substances with diverse biological effects. Here, we show that 
apigenin, a flavonoid, has suppressive effects on microRNA (miRNA) function. The effects were mediated 
by impaired maturation of a subset of miRNAs, probably through inhibition of the phosphorylation of 
TRBP, a component of miRNA-generating complexes via impaired mitogen-activated protein kinase 
(MAPK) Erk activation. While glucose intolerance was observed in miRNA103 (miR103)-overexpressing 
transgenic mice, administration of apigenin improved this pathogenic status likely through suppression of 
matured miR103 expression levels. These results suggest that apigenin may have favorable effects on the 
pathogenic status induced by overexpression of miRNA103, whose maturation is mediated by 
phosphorylated TRBP. 

Polyphenols, common components of many popular drinks and foods, and caffeine, an alkaloid in various 
seeds and leaves, are representative bioactive substances with diverse biological effects 1,2 . However, while 
some effects have been examined in detail 3 , the molecular mechanisms underlining these biological effects 
are mostly undetermined. 

MicroRNAs (miRNAs) are short, single-stranded, non-coding RNAs expressed in most organisms ranging 
from plants to vertebrates 4 . Primary miRNAs, which possess stem-loop structures, are processed into mature 
miRNAs by Drosha, Dicer, RNA polymerase III, and other related molecules. These mature miRNAs then bind 
the RNA-induced silencing complex (RISC), and the resulting co-complex directly binds the 3 '-untranslated 
regions (3'-TJTRs) of target mRNAs to act as suppressors of translation and gene expression. Thus, dependent 
upon the identity of the target mRNAs, miRNAs are responsible for the control of various biological functions, 
including cell proliferation, apoptosis, differentiation, metabolism, oncogenesis, and oncogenic suppression 5 '. 
For example, it was reported recently that expression of miRNA103 and 107 (miR103 and 107) was upregulated in 
obese mice, and that the gain of miR103 function in either liver or fat was sufficient to induce impaired glucose 
homeostasis 10 . 

Because the effects of bioactive substances are diverse and the functions of miRNAs result in diverse biological 
consequences, we hypothesized that some effects of bioactive substances may depend on modulation of miRNA 
function. In this study, we examined whether polyphenols and caffeine affect miRNA function and determined 
the molecular mechanisms underlying these effects. In addition, we applied the results obtained here to clinically 
relevant models to facilitate their use in practical applications. 

Results 

Apigenin suppresses miRNA function. To determine the effects of polyphenols and caffeine on miRNA 
function, we determined the luciferase activities of several types of reporters constructed containing 
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miRNA-binding sites (the function of which is suppressed by corre- 
sponding miRNAs) upon treatment with caffeine or polyphenols. 
The polyphenols used here were apigenin, procyanidin A2 and 
procyanidin B2 from flavonoids, and chlorogenic acid from phe- 
nolic acid. A cell line derived from the liver, Huh7, was used 
because substances in food theoretically flow into the liver first 
through the portal vein immediately after intestinal absorption. 
Among the bioactive substances examined, only apigenin signi- 
ficantly inhibited the effects of miRNAs such as miR122, miR185 



and miR103 (Figure la), which are highly expressed in the liver 11 . 
The effects were similarly observed irrespective of endogenous 
miRNAs or exogenous overexpression of corresponding miRNAs 
(Figure la and b) in a dose-dependent manner (Figure lc). 
Another liver cell line, Hep3B, showed similar results, suggesting 
that the effects were not cell line-specific (Supplementary Figure 
la, b and c). The effects were detected with 5 uM apigenin; this 
concentration is physiologically attainable 1214 . These results 
suggest that apigenin has suppressive effects on miRNA function. 
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Figure 1 | Apigenin inhibits miRNA function, (a), Apigenin inhibits endogenous miRNA function. Huh7 cells were transfected with reporters to 
determine the functions of the indicated miRNAs. Twenty- four hours after treatment with the indicated substances, reporter assays were performed. Data 
represent the means ± standard deviation (s.d.) from three independent experiments. *, p < 0.05 (f-test). (b), Apigenin inhibits the function of 
exogenously overexpressed miRNAs. Huh7 cells were transfected with reporters and corresponding miRNA precursor-expressing plasmids or an empty 
vector. Twenty-four hours after treatment with the indicated substances, reporter assays were performed. Data represent the means ± s.d. from three 
independent experiments. *, p < 0.05 (f-test). (c), Dose-dependent effects of apigenin on miRNA function. Huh7 cells were transfected with reporter 
plasmids to determine miR122 function. Cells were treated with indicated doses of apigenin for 24 h and luciferase assays were performed. Caffeine was 
included as a negative control. Data represent the means ± s.d. from three independent experiments. *, p < 0.05 (f-test) compared with the negative 
control. 
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Apigenin inhibits miRNA maturation from miRNA precursors. 

To elucidate the molecular mechanisms underlying the inhibitory 
effects of apigenin on miRNA function, we first determined the 
expression levels of miRNA pathway-related molecules including 
Drosha, DGCR8, KSRP, Argonaute 2 (Ago2), and Dicer in the 
presence of apigenin. While the expression levels of Drosha, Ago2 
and Dicer proteins appeared to decrease slightly after a high dose of 
apigenin, no significant changes were observed in the expression 
levels of these proteins (Figure 2a and Supplementary Figure 2a). 
Next, we examined the expression and maturation of miRNAs by 
quantitative real-time polymerase chain reaction (qRT-PCR) and 
Northern blotting (Figure 2b and Supplementary Figure 2b). 
Expression levels of mature endogenous miR122, miR103, and 
miR185 decreased and accumulation of precursor miRNAs was 
also observed after apigenin treatment (Figure 2b), suggesting that 
maturation from miRNA precursors was decreased. In addition, a 
comprehensive miRNA microarray analysis confirmed that apigenin 
altered the expression levels of a major subset of miRNAs 
(Supplementary Figure 2c; the raw data were deposited in the GEO 
database; GSE46526). However, some miRNAs, such as let-7, were 
not affected by apigenin treatment, which was confirmed by qRT- 
PCR (Figure 2b). These results suggest that apigenin has an 
inhibitory effect on the maturation of a subset of miRNAs. 

Apigenin inhibits phosphorylation of TRBP. The microRNA- 
generating complex is composed of Dicer and phospho-TRBP 
isoforms 15 , and TRBP phosphorylation enhances the maturation of 
a subset of miRNAs through stabilization of the microRNA- 
generating complexes 15 . Phosphorylation of TRBP is mediated by 
mitogen-activated protein kinase (MAPK) Erk 15 . Because apigenin 
is known to inhibit Erk activity 16-19 , we hypothesized that the 
inhibitory effects of apigenin on miRNA maturation may be medi- 
ated by decreased phosphorylation of TRBP through inhibition of 
Erk. Consistent with previous reports, although caffeine had no effect 
on the Erk phosphorylation status, apigenin clearly inhibited Erk 
phosphorylation 24 h post-treatment without changes in total Erk 
levels (Figure 3a). Concordantly, SRE-driven reporter activities were 
diminished by apigenin treatment (Figure 3b), suggesting that 
apigenin indeed inhibited an Erk-mediated intracellular signaling 
pathway, consistent with previous reports 16 " 19 . While TRBP was 



phosphorylated under normal serum culture conditions, and its 
phosphorylation status did not change with caffeine treatment, its 
phosphorylation was inhibited by apigenin (Figure 3c). This effect 
was confirmed by electrophoresis in a phos-tag gel, which showed a 
clear slow-migrating band, indicating that TRBP was phosphory 
lated in control and caffeine-treated conditions, but its phosphoryla- 
tion was inhibited upon treatment with apigenin (Figure 3d). To 
confirm that Erk activity was inhibited by apigenin following 
TRBP phosphorylation, we examined the effects of apigenin using 
Huh7 cells stably expressing constitutively active Mekl (CA-MEK) 
on TRBP phosphorylation. As shown in Figure 3e, the degree of 
TRBP phosphorylation was increased only by CA-MEK expres- 
sion, and the augmented phosphorylation was not diminished by 
apigenin treatment (Figure 3e), suggesting that the effects of 
apigenin could not be observed under the induced Erk activation. 
That is, the effects of apigenin were most probably mediated by 
inhibition of Erk activation. In addition, we established Huh7 cells 
stably expressing dominant negative Erk (DN-Erk). As predicted, the 
levels of mature miRNA103, 122, and 185, were decreased in DN-Erk 
expressing cells, but were slightly increased in CA-MEK expressing 
cells, irrespective of apigenin treatment (Figure 3f). The expression 
levels of mature let-7, which were examined as a representative 
miRNA that was not affected by apigenin treatment in the miRNA 
microarray (Figure 3f), were not changed by enforced expression of 
DN-Erk or CA-MEK, suggesting that this miRNA maturation is not 
significantly regulated by MAPK activity or TRBP phosphorylation, 
consistent with a previous report 15 . These results suggest that 
apigenin inhibits Erk phosphorylation, and subsequent decreased 
MAPK activity leads to a decrease in TRBP phosphorylation, 
which may result in decreased maturation of a subset of miRNAs. 

Apigenin improves glucose tolerance through inhibition of miRNA 
function. To apply the above results in a clinical setting, we focused 
on recent findings demonstrating that a gain of miR103/107 expres- 
sion induces impaired glucose homeostasis in vivo 10 . To utilize this, 
we generated transgenic mice expressing a miR103 precursor under 
control of the CMV promoter (Supplementary Figure 3a). Over- 
expression of miR103 in these mice was confirmed by Northern 
blotting against mature miR103 in liver tissues (Figure 4a and 
Supplementary Figure 3b). No significant over-saturation of RISC 
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Figure 2 | Apigenin impairs miRNA maturation, (a), Cells were treated with the appropriate substances for 24 h and the indicated proteins were 
blotted. Representative results from three independent experiments using Huh7 cells are shown. Full-length blot images are available in Supplementary 
Figure 5a. (b), The expression levels of mature miRNAs and miRNA precursors were determined by qRT-PCR using Huh7 cells with or without apigenin 
treatment for 24 h. Data represent the means ± s.d. from three independent experiments. *, p < 0.05 (t-test) compared with the control (DMSO only) 
treatment. 
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Figure 3 | Apigenin inhibits TRBP phosphorylation, (a), Cells were treated with caffeine or apigenin for 24 h. Cell lysates were blotted with anti- 
phosphorylated Erk and anti-total Erkl/2. Representative results from three independent experiments using Huh7 cells are shown. Similar results were 
obtained using Hep3B cells, (b), A luciferase assay was performed to determine SRE-driven transcription under apigenin treatment. Caffeine was 
included as a comparison. Data represent the means ± s.d. from three independent experiments using Huh7 cells. *, p < 0.05 (t-test) compared to the 
negative control, (c), Huh7 cells were transfected with wild-type TRBP-expressing plasmids followed by treatment with the indicated substances for 24 h. 
Serine-to-alanine mutant TRBP (SAA) indicates non-phosphorylated TRBP. Representative results from three independent experiments using Huh7 
cells are shown, (d), Substance-treated Huh7 cell lysates were separated using a Mn2 + -Phos-tag gel to discriminate the phosphorylated form of TRBP. 
Representative results from three independent experiments using Huh7 cells are shown, (e), TRBP-expressing Huh7 cells were stably transfected with 
myc-tagged CA-MEK-expressing plasmids followed by apigenin treatment for 24 h. Phosphorylation status of TRBP was determined by Western blotting. 
Representative results from three independent experiments are shown, (f), Huh7 cells were stably transfected with myc-tagged CA-MEK-expressing 
plasmids or myc-tagged DN-Erk-expressing plasmids. The expression of the transfected constructs was confirmed by Western blotting using anti-myc 
antibodies (left panels). Expression levels of mature miRNAs in those cells with or without apigenin treatment were determined by Northern blotting 
(right panels). Representative results of at least three independent experiments are shown. Full-length blot images in a, b, c, d, e, and f are available in 
Supplementary Figure 5b, c, d, e, and f. 



complexes due to overexpressing miR103 in these mice was 
confirmed by a lack of significant changes in the expression levels 
of other mature miRNAs, such as miR122 and miR185 (Figure 4a). 
As expected from a previous report 10 , these miR103 transgenic mice 
showed an increase in both random and fasting blood-glucose levels 
and insulin levels (Supplementary Figure 3c and d). The mean size of 
adipocytes in visceral fat was larger in normal chow fed miR103 
transgenic mice than in control mice, and their size became larger 
nearly in parallel in both control and miR103 transgenic mice under 
a high-fat diet (Supplementary Figure 3e). 

To determine the effect of apigenin in these models, 40 mg/kg 
apigenin was intraperitoneally injected daily for 14 days in miR103 
transgenic mice. The level of mature miR103 was decreased, and 
precursors accumulated in apigenin-treated mice, as determined 



by Northern blotting and qRT-PCR (Figure 4b and Supplementary 
Figure 4a and b). Similar to the in vitro results, levels of mature 
miR122 and miR185, but not let-7, in the liver tissues were also 
decreased by apigenin treatment (Supplementary Figure 4a and b). 
Phosphorylated TRBP in the liver tissues was decreased in apigenin- 
treated mice, as determined by a retarded band in the phos-tag gel 
(Figure 4c), consistent with the in vitro results (Figure 3d). Erk phos- 
phorylation was consistently decreased following apigenin treatment 
(Supplementary Figure 4c). In addition, we confirmed the upregu- 
lated expression level of caveolin-1, a major regulator of the insulin 
receptor, which is a direct target gene of miR103 10 in these tissues 
(Supplementary Figure 4c). As expected from these results, apigenin- 
treated miR103 transgenic mice showed decreased random and fast- 
ing blood glucose-levels (Figure 4d). While miR103 transgenic mice 



SCIENTIFIC REPORTS | 3 : 2553 | DOI: 1 0. 1 038/srep02553 



4 



miR103 
miR122 
miR185 
U6 



Control miR103 
mice Tg mice 



_miR103 
precursor 



Immature 
^■^~miR103 



Control Apigenin 



pTRBP 
TRBP 



p-actin 



Control Apigenin 




Random Fasting 0 20 40 60 80 100 120 0 20 40 60 80 100 120 

(min) (min) 



Figure 4 | Apigenin improves glucose tolerance in miR103 transgenic mice, (a), Expression levels of mature miR103, miR122, and miR185 in liver 
tissues of miR103 transgenic mice (miR103 Tg) were determined by Northern blotting, (b), Expression levels of mature miR103 and its precursor in liver 
tissues of miRlO-transgenic mice treated with apigenin were determined by Northern blotting. Control (DMSO) or apigenin (40 mg/kg) was injected 
intraperitoneally daily for 14 days. Representative results from three independent mouse sets are shown, (c), Liver tissue homogenates from miR103 
transgenic mice were separated using a phos-tag gel to determine the phosphorylation status of TRBP. Representative results from three independent 
mouse sets are shown. Full-length blot image is available in Supplementary Figure 5g. (d), Blood glucose levels were determined at random times or after 
12 h fasting in control and miR103 transgenic (miR103 Tg) mice (n = 8 in each group). Data represent the means ± s.d. *, p < 0.05 (t-test). 
(e), (f), Glucose and pyruvate tolerance tests in control, miR103 transgenic (miR103 Tg), and miR103 transgenic with apigenin treatment (miR103 Tg + 
apigenin) mice (n = 6 in each group). Data represent the means ± s.d. *, p < 0.05 (t-test). 



showed impaired glucose tolerance after an intraperitoneal glucose 
injection, apigenin treatment significantly suppressed these phe- 
nomena (Figure 4e). Similarly, while miR103 transgenic mice 
showed increased glucose production during an intraperitoneal pyr- 
uvate-tolerance test, apigenin treatment also suppressed these effects 
(Figure 4f). In addition, an increased number of small adipocytes and 
a decreased number of large adipocytes were observed in apigenin- 
treated miR103 transgenic mice (Supplementary Figure 3e and f ). 
These results suggest that apigenin may have beneficial effects on 
pathological conditions in miR103 transgenic mice. 

Discussion 

In this study, we demonstrated that apigenin (4',5,7-trihydroxyfla- 
vone) has inhibitory effects on the maturation processes of a subset of 
miRNAs and subsequent miRNA function. These effects may be 
mediated through inhibition of TRBP phosphorylation, possibly 
through inhibition of Erk activation. These results suggest that api- 
genin may be utilized to improve miRNA- mediated pathogenic 
states, such as glucose tolerance, induced by the over-expression of 
miRNA103. 

Bioactive substances, such as caffeine and polyphenols, have been 
reported to have pleiotropic physiological effects 3,20 . However, those 
phenomena are descriptive in most cases and the underlying 
mechanisms are largely unclear. Apigenin, which is present in many 
fruits and vegetables, also has diverse biological effects, including 
improvement of the cancer cell response to chemotherapy 21 , tumor- 
igenesis 13,22 , modulating immune cell function 23 , and anti-platelet 
activity 24 . In this study, we showed that apigenin inhibits TRBP 
phosphorylation and its related miRNA maturation through inhibi- 
tion of MAPK Erk activation. This modulation of miRNA function 



by apigenin may account, at least in part, for its various reported 
biological effects. 

Phosphorylation of TRBP is mediated by Erk 15 . We showed clear 
inhibition of Erk phosphorylation by apigenin. Although pre- 
vious studies have reported the inhibition of Erk activation by 
apigenin 1619 , the underlying mechanisms were unknown. Because 
Erk has many biological functions in intracellular signaling, modu- 
lation of TRBP phosphorylation and miRNA expression induced by 
Erk inhibition through apigenin is likely a part of the phenotype. To 
clarify the biological function of apigenin, identification of molecules 
on which apigenin directly acts must be the next step. 

Another important finding in this study was the impaired glu- 
cose tolerance observed in miR103 transgenic mice. Previous stud- 
ies showed that recombinant adenoviruses expressing the miR103/ 
107 family (only one nucleotide difference in miR103 and miR107 
at position 21) and a gain of miR103/107 function by transient 
infection in mice was sufficient to induce impaired glucose home- 
ostasis, and these miRNAs play a central role in insulin sensitiv- 
ity 10 . In this study, we confirmed that constitutive expression of 
miR103 in mice resulted in impaired glucose tolerance and 
increased size of adipocytes. These mice may represent a new in 
vivo model of metabolic disorders and facilitate development of 
new drugs targeting impaired glucose tolerance. In fact, we found 
that apigenin reversed impaired glucose tolerance in miR103- 
transgenic mice. Because apigenin is one of the flavonoids and 
is present in high content in celery and parsley, intake of apigenin 
from foods or dietary supplements may have some favorable 
effects on glucose intolerance induced by overexpression of 
miRNA levels, even if it does not completely overcome impaired 
glucose tolerance. 
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Phosphorylated TRBP is not related to the maturation of all 
miRNAs, but rather a subset of miRNAs 15 . With this respect, api- 
genin may have favorable effects on the pathogenic status induced by 
overexpression or overfunction of the miRNAs to which phosphory- 
lated TRBP is related. Maturation of miR122, a liver-specific miRNA, 
is at least partly regulated by apigenin, as shown in our study, its 
crucial function in cholesterol synthesis 11,25-28 , and hepatitis c viral 
replication 29,30 . Therefore, apigenin may also have beneficial effects 
on these conditions. Other effects of apigenin on the pathological 
state may be necessary to reconsider from the point of view of over- 
expression or overfunction of specific miRNAs. 

Simultaneously, one should be cautious about the modulation of 
miRNA function by apigenin. Because some miRNAs may have 
favorable effects on human health, apigenin might be harmful if it 
inhibits the maturation and function of such miRNAs. For example, 
inhibitory effects on tumor- suppressive miRNAs should be avoided. 
Caution regarding these issues is necessary and, in parallel, the bio- 
logical functions of miRNAs in general should be further examined. 

In summary, we showed that apigenin displays inhibitory effects 
on the phosphorylation of TRBP and its subsequent miRNA mat- 
uration and function through regulation of Erk activity. Decreasing 
miRNA function may be used for treatment of conditions induced by 
over-functioning of miRNAs. Moreover, clarifying the as-yet-undis- 
covered functions of bioactive substances is important. Similar strat- 
egies to those used here may also be applied to other bioactive 
substances whose effects have been reported but the mechanisms 
are as yet undetermined. 

Methods 

Cell culture. The human hepatocellular carcinoma cell lines, Huh7 and Hep3B, were 
obtained from the Japanese Collection of Research Bioresources (JCRB, Osaka, 
Japan). All cells were maintained in Dulbecco's modified Eagle's medium 
supplemented with 10% fetal bovine serum. 

Reagents. Caffeine, apigenin and chlorogenic acid were purchased from Wako 
Chemicals (Osaka, Japan). Procyanidin A2 and B2 were purchased from Indofine 
Chemical {Hillsborough, NJ) and ChromaDex (Irvine, CA). Caffeine, chlorogenic 
acid and procyanidin B2 were dissolved in water. Apigenin and procyanidin A2 were 
dissolved in dimethyl sulfoxide (DMSO). Caffeine, chlorogenic acid and procyanidin 
A2 and B2 were added at concentrations of 20 uM, 10 uM, 50 (ig/mL, and 50 (ig/mL, 
respectively, as reported previously 31-34 . Apigenin was used at 10 uM unless otherwise 
specified for in vitro studies, and 40 mg/kg was used for intraperitoneal injection daily 
for in vivo studies. An equal volume of DMSO only was used as a negative control. 

Mouse experiments. Experimental protocols were approved by the Ethics 
Committee for Animal Experimentation at the Graduate School of Medicine, the 
University of Tokyo and the Institute for Adult Disease, Asahi Life Foundation, Japan 
and conducted in accordance with the Guidelines for the Care and Use of Laboratory 
Animals of the Department of Medicine, the University of Tokyo, and the Institute for 
Adult Disease, Asahi Life Foundation. 

Plasmids, transfection and dual luciferase assays. Plasmids expressing miR122 and 
miR185 precursors and the corresponding firefly luciferase-based reporters have been 
described previously 8,35 . Plasmids expressing miRNA- 103 precursors and the 
corresponding luciferase reporter were newly constructed according to protocols 
reported previously 8 . To determine MAPK pathway activity, SRE-driven luciferase 
was transfected, and dual luciferase assays were performed as described previously 9 , 
with the exception that pGL4.74, a control plasmid containing Renilla reniformis (sea 
pansy) luciferase under control of the herpes simplex virus thymidine kinase 
promoter (Promega), was used as an internal control. Chemicals were added at 24 h 
and the reporter assays were done 48 h post-transfection. Constitutively active 
MEK1 (DD) and dominant negative Erk(K/N) constructs with zeocin resistance genes 
were kindly provided by Prof. Takekawa (The Institute of Medical Sciences, the 
University of Tokyo) 36 . After transfection, the cells were selected with 6 ug/mL zeocin 
to establish cells stably expressing those constructs. 

Western blot analysis. Protein lysates were prepared from cells or mouse liver tissues 
for immunoblotting analyses. Western blotting was performed as described 
previously 8 . Primary antibodies were purchased from Sigma {DGCR8, #SAB4200088; 
Dicer, #SAB4200087; TRBP2, #SAB42001 1 1; |3-actin, #A5441), Bethyl (KSRP, A302- 
021), Wako (Ago2, 015-22031), and Cell Signaling (Drosha, #D28B1; Phospho-Erk, 
#9101; Total Erk, #4695; myc-tag, #2276; Caveolin, #3267). 

Northern blotting of miRNAs. Northern blotting of miRNAs was performed as 
described previously 9 . Briefly, total RNA was extracted using TRIzol Reagent 



(Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Ten 
micrograms of RNA were resolved in denaturing 15% polyacrylamide gels containing 
7 M urea in IX TBE and then transferred to a Hybond N+ membrane (GE 
Healthcare) in 0.25 X TBE. Membranes were UV-crosslinked and prehybridized in 
hybridization buffer. Hybridization was performed overnight at 42°C in ULTRAhyb- 
Oligo Buffer (Ambion) containing a biotinylated probe specific for miR122 (CAA 
ACA CCA TTG TCA CAC TCC A), miR103 (TCA TAG CCC TGT ACA ATG CTG 
CT), miR185 (TCA GGA ACT GCC TTT CTC TCC A), and let-7g (AAC TGT ACA 
AAC TAC TAC CTC A), which had been heated to 95 C for 2 min. Membranes were 
washed at 42 J C in 2X SSC containing 0.1% SDS, and the bound probe was visualized 
using a BrightStar BioDetect Kit (Ambion). Blots were stripped by boiling in a 
solution containing 0.1% SDS and 5 mM EDTA for 10 min prior to rehybridization 
with a U6 probe (CAC GAA TTT GCG TGT CAT CCT T). 

Quantitative RT-PCR analysis of miRNA expression. To determine miR122, 
miR103, miR185, and let-7g expression levels, cDNA was first synthesized from RNA, 
and quantitative PCR was then performed using Mir-X miRNA First-Strand 
Synthesis and SYBR qRT-PCR Kit (Clontech). The expression levels of miRNA 
precursor were determined according to the previous report 37 using the reported 
primers. Relative expression values were calculated by the CT-based calibrated 
standard curve method. These calculated values were then normalized to the 
expression of U6 snRNA. The reverse primer was provided in the kit. 

Determining TRBP phosphorylation status. Plasmids expressing wild-type TRBP 
and kinase-dead TRBP (TRBP SAA) were kindly provided by Professor Liu 15 . 
Twenty-four hours after transfection into Huh7 cells with corresponding plasmids, 
substances were treated for 24 h, and cell lysates were collected for subsequent 
Western blotting. To better discriminate the phosphorylated form of TRBP from the 
unphosphorylated form, a Mn2 + -Phos-tag SDS-PAGE gel (Wako) was used 
according to the manufacturer's instructions. 

Generation of miR103-expressing transgenic mice. To construct transgenic mice, 
plasmids expressing miRNA- 103 precursors were modified as follows: to add the 
SV40 poly(A) tail signal downstream of the miR103 precursor sequences, the pCDH- 
miR103 precursor- expressing plasmid was digested at the Notl restriction site, and 
PCR-amplified poly(A) tail signal sequences were digested with Clal from the original 
plasmid as a template was inserted by the Infusion cloning system (Clontech, 
Mountain View, CA). A DNA fragment of 1,125 bp, containing the CMV promoter 
region, the 470-bp genomic region for the miR103 precursor, and a SV40 poly(A) tail 
signal, was resected from the constructed plasmid by digestion with Clal. Stable 
C57BL/6 embryonic stem (ES) cell lines were generated by electr op oration of the 
linearized transgene, and the resulting cells were injected into blastocysts by the 
UNITECH Company (Chiba, Japan). Genotyping was performed by PCR using DNA 
isolated from tail snips. Four different mouse lines were maintained and the male 
littermates were used in the experiments. 

Glucose test. Blood glucose was tested using a Glucose Pilot system (Iwai Chemical, 
Japan). Glucose tolerance and pyruvate tolerance tests were performed by 
intraperitoneal injection of glucose (2 g/kg) or pyruvate (2 g/kg) after fasting 
overnight. Blood glucose levels were measured before injection (0 min) and at 15, 30, 
60, and 120 min after injection. 

Adipocyte size. Visceral fat tissues stained with hematoxylin and eosin were analyzed 
using the Image-J software. One hundred adipocytes were measured per animal to 
determine adipocyte size. The high-fat diet was purchased from CLEA- Japan (Tokyo, 
Japan). 

miRNA microarray analyses. miRNA microarray analysis was performed using 
miRNA oligo chips (Toray Industries, Tokyo, Japan). Normalization was performed 
using the intensities from U6, instead of the standard global normalization. The data 
and the protocols were deposited in a public database (Please refer the following link 
during the review process; http://www.ncbi.nlm.nih.gov/geo/query/ 
acc.cgi?token— frwpxomkicoicte&acc — GSE46526). 

Statistical analysis. Statistically significant differences between groups were 
determined using Student's f-test when variances were equal. When variances were 
unequal, Welch's f-test was used. P-values less than 0.05 were considered to indicate 
statistical significance. 
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